Spin fluctuations in Fe(II)-porphyrins are at the heart of heme-proteins functionality. Despite significant progress in porphyrin chemistry, the mechanisms that rule spin state stabilization remain elusive. Here, it is demonstrated by using multiconfigurational quantum chemical approaches, including the novel Stochastic-CASSCF method, that electron delocalization between the metal centre and the π system of the macrocycle differentially stabilizes the triplet spin states over the quintet. This delocalization takes place via charge-transfer excitations, involving the out-of-plane iron d orbitals, key linking orbitals between metal and macrocycle. Through a correlated breathing mechanism the 3d electrons can make transitions towards the π orbitals of the macrocycle. This guarantees a strong coupling between the on-site radial correlation on the metal and electron delocalization. Opposite-spin 3d electrons of the triplet can effectively reduce electron repulsion in this manner. Constraining the out-of-plane orbitals from breathing hinders delocalization and reverses the spin ordering. Our results find a qualitative analogue in Kekulé resonance structures involving also the metal centre.
Introduction
an example. [1] [2] [3] In this reaction, the Fe(II)-porphyrin represents the active species that binds molecular oxygen and weakens its bond, forming the actual oxo-species that proceeds to the oxygenation. It is then crucial from a mechanistic point of view to understand the electronic structure of Fe(II)-porphyrins and the main elements that stabilize one spin state over the others.
The first ab initio calculations on the free-base porphyrin, that can be regarded as the parent compound for such systems, were done by Almlöf. 4 Later numerous density functional theory calculations were carried out in order to explore the electronic properties of metal porphyrins. 5, 6 In spite of a large amount of experimental and theoretical data, many questions are still unanswered regarding their electronic properties and reactivity. 
15
A completely different scenario is depicted by wave-function theory based approaches, including high-level methodologies generally regarded as being more reliable than DFT.
The Restricted Open-shell Hartree-Fock method, ROHF, predicts the high-spin 5 A 1g ground state. The gap between the quintet and the triplet spin states shrinks when post-SCF methods are used, however, the spin-ordering remains in favor of the high-spin state, suggesting a systematic error in the theoretical framework. Pierloot has extensively studied these systems by multiconfigurational methods and how spin gap predictions depend on the choice of the active space. In this report we will show in great detail the mechanisms that rule spin gaps in the bare ferrous porphyrin, by analyzing the six low-lying states, Field method, Stochastic-CASSCF, [35] [36] [37] [38] [39] [40] is the method of choice for this investigation. The CASSCF represents a simple and natural way to systematically probe correlation channels in correlated molecular systems. The core concept of CASSCF is the active space, a list of "critical" orbitals with their electrons for which a complete many-body expansion is generated and orbitals are variationally optimized under the field generated by the multiconfigurational wave-function, removing any bias related to the choice of the trial orbitals. Equipped with the Stochastic-CASSCF method we have been able to identify the main correlation effects that stabilize the intermediate spin-state over the quintet spin-state and have been able to establish that important communication pathways between the aromatic macrocycle and the metal centre exist only for the low-lying triplet states. Qualitatively these correlation channels can be described as Kekulé resonance structures involving also the metal centre.
2 Results
Energy splittings at the various levels of theory and VTZP basis set are summarized in Truncation of the excitation level to only single and double excitations from RAS1 and to RAS3 obviously has a strong unfavorable impact on the triplet-quintet splittings. Within the Stochastic-CASSCF approach the impact of the target number of walkers is nearly negligible.
Variations of less than 0.1 kcal/mol were observed by enlarging the walker population from 500 million to 1 billion (before convergence is reached, higher accuracy is expected for a larger walker population 
This type of excitations are somehow included, although only up to the second order both in the RASSCF (32, 34) and the CASPT2 (8, 12) . As neither CASPT2 (8, 12) or RAS (32, 34) provided converged energetics, we conclude that it is not sufficient to correlate these orbitals solely via singly-and doubly-substituted determinants. Higher order excitations are responsible for the stabilization of the triplet over the quintet spin state. Also, these excitations have been included in the CAS (14, 16) , but there full delocalization is not explicitely accounted Occupation Number Figure 5: Natural orbitals occupation numbers for the 3 E g state within the VTZP basis set for different choices of active spaces. Bars are related to the minimum CAS (6, 5) active space that can be considered the reference for larger active spaces.
These results sensibly differ from the RAS(32,34) results and demonstrates that the CAS (32, 34) wave function is substantially different from the other wave functions here analyzed, with some of the π orbitals heavily involved in the correlation for this system. The large CASSCF(32,34) provides a more accurate description of the electron delocalization (conjugation and aromaticity) of the macrocycle. It also better accounts for CT determinants. As a consequence a more realistic field around the metal centre is created that, in response, differentially stabilizes the triplet over the quintet spin state. This effect is The interaction between metal and macrocycle is rather complicated. In the large CAS (32, 34) wave function, we observe non-negligible charge-transfer electron configurations coupling directly π and 3d orbitals. Higher order interactions between macrocycle and metal centre are also present via the double-shell d orbitals. The double-shell orbitals play a dual role, they account for radial correlation at the metal centre and build a bridging pathway between π orbitals at the macrocycle and valence orbitals at the metal centre. A breathing mechanism can be invoked for rationalize the stabilization of the triplet spin state over the quintet. Via the correlating d orbitals, which provide the necessary breathing mechanism, the valence electrons can more easily delocalize into the π system, and to a far greater extent than the regular (non-breathing) 3d orbitals would allow.
The charge-transfer configurations can be qualitatively described as Kekulé aromatic resonance structures, involving movement of the π orbitals of the macrocycle as well as the valence electrons on the 3d xz and 3d yz orbitals of the metal centre as described in Figure 7 .
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To the best of our knowledge this is the first quantum chemical investigation that explicitly 
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Model System. Our model system for the Fe(II)-porphyrin was derived from Pierloot's study. 22 The β-carbon atoms were removed and bonds saturated with hydrogen atoms (coordinates reported in Listing 1). This simplification helped us to keep the calculations simple without removing the most important features of the system. The Fe-N bonds were kept at a bond length of 1.989 Å. The molecule was kept planar with D 4h point group symmetry.
Aromaticity was preserved, with ring current and complete electron delocalization in the "inner-cross", an 18 π electrons system and 16 carbon atoms. This simplification does not introduce bias towards the understanding of correlation effects in metallo-porphyrins.
The molecule was placed on the xy plane, with the N atoms in between the x and y axes. 
52-56
Details on the Complete Active Space choice. CASSCF is probably the simplest and more natural method to tackle multi-configurational systems in chemistry. [36] [37] [38] [39] [40] The core concept of CASSCF is the active space, a list of "critical" orbitals with their electrons for which a complete many-body expansion is generated and orbitals are variationally optimized under the field generated by the multiconfigurational wave function, removing any bias related to the choice of the trial orbitals. Three main weaknesses of the CASSCF method need to be highlighted. approaches. [60] [61] [62] It is also important to mention the Density Matrix Renormalization Group (DMRG) approach, 63-70 the variational two-electron reduced density matrices approach [71] [72] [73] [74] [75] [76] [77] and, the most recent Stochastic-CASSCF method. 35, 78 The latter is the method of choice for this report. 35 These methods partially circumvent the exponential scaling problem and enable the investigation of larger active spaces. Using massively parallelized architectures conventional CAS (20, 20) Only single and double excitations out of RAS1 and into RAS3 have been allowed.
Details on the Quantum Monte Carlo setup. For the FCIQMC dynamics the initiator
formulation of the method has been used 103,104 with a threshold value of n a = 3.0 together with the semi-stochastic method 105,106 using a deterministic subspace consisting of |D| = 10000 most populated determinants. In the initiator approximation, walkers populating determinants with largest weight are promoted to be "initiators". Only initiators are able to spawn walkers on empty determinants. Non-initiators are allowed to spawn only on determinants that are already occupied. The calculations were run in replica mode 107 in order to sample the one-and two-body reduced density matrices necessary to the orbital rotation step. CASSCF natural orbitals from smaller active spaces were used as the starting orbitals for CASSCF optimizations with larger active spaces. 5 × 10 6 walkers were employed 24 for the initial dynamics and the first five CASSCF iterations. The number of walkers was gradually increased to 5 × 10 8 . CASSCF convergence was reached at this walker population for all states here investigated. The approach of increasing the walker population in steps follows from our initial findings, already discussed in our previous paper. 35 A small walker distribution is able to generate a convenient averaged field to allow for an effective orbital optimization step at the early stages of the CASSCF procedure. This procedure guarantees fast orbital rotations and a limited number of CASSCF iterations at the high-population regime when sub-milliHartree accuracy is required. After CASSCF convergence was reached, more refined solutions were obtained by increasing the target number of walkers to 1 × 10 9 .
This procedure is standard to reduce the initiator error on the stochastic sampling of the wave function and, was used to confirm that no bias on the spin splitting was introduced due to undersampling of the determinantal space. The time-step ∆τ was found via an automatic search procedure 108 for each simulation, and took typical values in the range 5−10×10 −4 a.u.
A typical FCIQMC simulation, took ∼ 24 hours for each CASSCF iteration on 640 cores.
Orbital rotations were performed using the Super-CI method with a quasi-Newton update.
The entire CASSCF procedure converged in 10-15 iterations for the states here investigated.
All calculations have been performed using the OpenMolcas chemistry software package.
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Past and present proposed active spaces. The smallest active space for this system would be a CAS (6, 5) including only the six valence electrons in the five valence 3d orbitals.
Pierloot pointed out that one additional σ Fe-N bonding orbital, and its two electrons, must be included in the active space, leading to a CAS (8, 6) . She also found that it is crucial to include five double-shell correlating orbitals in the active space when a PT2 treatment is used for dynamic correlation. These orbitals account for a quite strong radial electron correlation and, when included into the active space, lead to a CAS (8, 11) . Recently Pierloot and coworkers have investigated the role of the (3s3p) and (4s4p) shells to give a CAS (16, 15) and a CAS (16, 19) , respectively. For the latter being prohibitively large, the RASSCF/RASPT2
or the DMRG/PT2 methodologies have been used. 22 Pierloot has also considered the role of the π-system of the macrocycle, 21 by means of the RASSCF/RASPT2 approach. A RAS(34,2,2;13,6,16) has been chosen containing a total of 34 electrons and 35 orbitals. RAS1
contains 13 active orbitals, doubly occupied in the reference determinant, RAS2 contains only 6 active orbitals and RAS3 the remaining 16 that are empty in the reference determinant.
Only single and double excitations were allowed from RAS1 and to RAS3.
Among the successful wave function methods able to predict a triplet ground state, it is important to mention Radoń's CCSD(T) calculations, that have shown a triplet ground state only upon extrapolation to the complete basis set limit, 27 a DMRG-CI study 109 and, the recent Heat-bath Configuration Interaction Self-Consistent Field (HCISCF) by Sharma.
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In the last two cases a CAS (44, 44) was chosen.
The CAS (32, 34) used in the present report differs from the one used in the past.
109,110
The CAS (44, 44) No orbitals have been frozen or deleted at the CASSCF level of theory.
In the paper introducing the Stochastic-CASSCF method, we performed calculations on a model system of Fe(II)-porphyrin. 35 Our model system had a Fe-N bond length of 2.05 Å, which is closer to the one predicted for the quintet were added to the active space. Inspection of the CAS (32, 29) wave function revealed that
1 , contributed for 37.3%.
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The other relevant configurations (with weight > 5%) were charge-transfer configurations in which electrons from the metal centre are excited into the π orbitals. Older investigations concluded that the iron 3d orbitals and the porphyrin π system were well separated, whereas our findings showed the opposite, with the Stochastic-CASSCF wave function showing a close interaction between the aromatic ring and the metal centre via non-negligible charge-transfer configurations.
The distribution of orbitals for the CAS (32, 34) proposed here in the eight irreducible representations of the D 2h point group is given in Table S1 . Energy Splittings with VDZP basis set. Energy splitting estimates at the various level of theory and VDZP basis set are summarized in Figure S1 . A comparison with Figure 2 of the main text (where a larger basis set of TZVP quality is used) shows the effect of the basis set on the spin ordering. In computing the natural orbitals one may think of a two step procedure. In a first step, active orbitals are localized in a way that each of them is either sitting on the metal centre or on the macrocycle. This step is conceptually important to be able to clearly state in which part of the molecule one electron (or pair of electrons) is located; however, in practice, it is not needed as the shape of the natural orbitals will not be affected by the starting orbitals used to build the one-body density matrix. In a second step, starting from these localized orbitals, the one-body density matrix is built and diagonalized. Diagonalization of the onebody density matrix is the responsible step that leads (or not) to the mixing of the localized orbitals. If non negligible off-diagonal elements of the one-body density matrix exist, they will have an effect on the mixing. Non-negligible off-diagonal elements can exist only for correlated systems. This is exactly what we observe in the system under investigation. π orbitals and out-of-plane 3d orbitals are correlated via charge-transfer excitations, they will lead to non-negligible off-diagonal elements in the one-body density matrix and thus to the mixing of the metal centre and the ligand orbitals.
Notes on the correlating d' orbitals. In our active space we added a set of five correlating d' orbitals. These are known as double-shell d orbitals. They have a nodal structure that resemble the 4d physical orbitals. Nonetheless, their radial distribution is closer to the 3d orbitals and their energy is higher than the 4d orbitals. They could be defined as contracted 4d orbitals. This feature is very general and not specific to the present compound.
CASSCF forces them to be closer to the 3d orbitals to maximize their overlap and the radial correlation of the 3d electrons. They are responsible for the breathing effect, according to which valence electrons of the correlated method are more expanded than the equivalent electron in a non correlated (or less correlated) approach. This breathing mechanism leads to the reduction of the on-site electron repulsion of the doubly occupied 3d orbitals of the metal centre.
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